This article stablishes the bases for a vacuum and plasma supported methodology for the fabrication at mild temperatures of nanostructured platinum in the form of porous layers and nanocolumns using platinum octaethylporphyrin (PtOEP) as precursor. In addition, the application of these materials as tunable optical filters and nano-counterelectrodes is proved.
simultaneous enhancement of short-circuit photocurrent and open-circuit photovoltage. One of the most interesting features of the developed methodology is its straightforward application to other metal porphyrins and phthalocyanines readily sublimable under mild vacuum and temperature conditions.
Introduction
The development of new fabrication methods for the control on the nanostructure is crucial to synthesize rationally designed materials with enhanced properties.
1,2 Plasma activated deposition methods including plasma enhanced chemical vapour deposition (PECVD), plasma assisted atomic layer deposition (P-ALD) and magnetron sputtering techniques have evolved during the last decade from focus on compact thin films towards the controlled deposition of nanoscale materials including nanoporous layers, low dimensional carbon materials and complex one-dimensional nanostructures. [3] [4] [5] Advantages of these vacuum-plasma methods are mainly related to their straightforward scalability, low deposition temperatures, compatibility with an ample variety of substrates and high accuracy in the composition (including doping) of the deposited materials as well as on the control on their morphological characteristic as microstructure, texture or alignment. [3] [4] [5] However, a critical bottleneck confining the application of procedures such as PECVD and P-ALD for the deposition of nanoscale materials is the limited availability of volatile metalorganic and metal halide precursors. 6 Within this context, we present herein the development of a full vacuum and plasma supported protocol based on the use of metal-porphyrin, concretely, PtOEP molecules as precursor for the growth of porous Pt layers and nanocolumns.
Importance of this methodology relays on both, quality of the nanostructured platinum layers fabricated at mild temperatures and straightforward applicability to an ample variety of vacuum sublimable and commercial available metalorganic molecules like metal porphyrins and phthalocyanines. So far, the extended use of metal porphyrins and phthalocyanines as precursor for the plasma deposition of the corresponding metal or metal oxide counterparts has been stopped due to the required post deposition processing including high temperature annealing. 7 Thus, previous attempts to the deposition of platinum layers by plasma activated approaches have been focused on sputtering techniques and combination of sputtering with PECVD in order to form composite nanomaterials with interesting applications in electrocatalysis, as for instance as active layer in fuel cells. 7, 8 A reliable method for the fabrication of nanoscale platinum materials might play an important role in many other fields ranging from nanosensors to light harvesters. 9, 10 For instance, in this latter topic, the formation of electrodes with tuneable optical properties is critical for the development of high efficient solar cells. 11, 12 Concretely, platinum counter electrodes has been widely applied for the efficient regeneration of the liquid electrolyte in dye sensitized solar cells. 13 Thus, the use of tailored porous conductive nanostructures appears as a promising route due to their inherent high surface area, 11, [14] [15] [16] improved catalytic performance, long-term chemical stability and relatively high transparency. 17, 18 In this article, we will approach to this issue from the point of view of the fabrication of supported porous Pt in the form of layers and nanocolumns, i.e., Pt nanoelectrodes in 2D and 1D architectures, respectively. Two different methodologies have been utilized in the deposition of the PtOEP, namely physical vapour deposition of small molecules (OPVD) [19] [20] [21] and remote plasma assisted vapour deposition (RPAVD) [22] [23] [24] [25] both of them scalable up to wafer level and carried out at room temperature. In addition, these methods have been demonstrated to be compatible with an ample range of processable substrates including polymers, Si, ITO, metal electrodes, self-assembled organic nanostructures and photonic architectures such as artificial opals. [22] [23] [24] [25] [26] OPVD is a well stablished methodology for the fabrication of two dimensional organic and metal-organic layers also extended in the last years to the formation of supported small-molecule organic nanowires. [19] [20] [21] RPAVD allows the formation of nanocomposite thin films where the functional molecules appear embedded in a highly cross-linked organic matrix consisting on the molecular fragments formed by interaction with the plasma species. [22] [23] [24] [25] In this article, we include the first results on the fabrication by RPAVD of nanostructured films from metal-organic small molecules including oxygen rich plasma gases. The post-processing of the PtOEP precursor layers to form the metal nanostructures is achieved by plasma etching under different combinations of oxygen, argon and hydrogen gases in the plasma and for temperatures ranging from RT to 180ºC. Herein we will refer to the etching treatment as "soft" plasma etching (SPE) 27,28 to stress the mild conditions during the experiments in comparison with standard etching procedures since, in our case, the samples were emplaced facing down with respect to the plasma source.
The article is structured as follows. First, microstructure, structure, composition and optical and electrical properties of samples deposited and treated under different conditions are thoroughly analysed. As we will show below, the formation of platinum layers with well-defined nanostructure allows the fabrication of optical density filters with tuneable transparency. Then, as a proof of concept, the metallic Pt layers and nanocolumns are tested as nanocatalysers in the counter electrode of dye-sensitized solar cells made of nanoparticulate TiO 2 photoelectrodes and compared the results to commercial available Platisol® counter electrodes.
Results and discussion

Microstructure and Chemical composition
In order to facilitate the exposition of results, the labels of the samples specifically address the main experimental parameters varied during their fabrication. addresses that the sample was annealed under (H 2 +Ar) at 135 ºC as final reduction step. Since the post-annealing treatments were every time carried out under the same conditions, the label not always includes this step for the sake of simplicity and it is only indicated when comparing samples previous and after post-annealing.
The plasma assisted deposition methodology (and plasma post-processing) developed in this work provides a new route to control the microstructure of the resulting thin films. Figures 1 and S1 to S3 in the Supporting Information (SI) summarize the ample microstructural variety of PtOEP and Pt containing thin layers obtained. Figure S4 gathers information of the surface topography and roughness of some characteristic samples obtained by Atomic Force Microscopy (AFM). Samples fabricated by OPVD conditions (Fig. 1 a) grow as stacked columns of inhomogeneous shapes and thicknesses that increased in length as a function of the deposition time. Samples deposited by RPAVD-Ar presented a homogeneous and continuous cross section with a smooth surface ( Fig. 1 b) , which can be attributed to Ar + bombardment and a partial plasma polymerization of the metal-organic precursor. 23, 24, 29 Meanwhile, samples deposited under oxygen plasma, i.e. RPAVD-O 2 , developed a 1D microstructure characterized by the homogeneous formation of vertical columns of constant diameter (< 100 nm). The normal view SEM images of these samples (see Fig. S3a ) show that the nanocolumns form agglomerates at the surface. It is worth to mention that the microstructure of the OPVD and RPAVD layers was similar independently of the type of substrate utilized (Si(100) wafers, fused silica and commercial available FTO or ITO thin films on glass), although for SEM characterization a conductive substrate is mandatory due to the insulating nature of the samples. Even on a Si conductive substrate, the samples cannot be perfectly focused on the microscope as it is apparent on the cross sectional images on Figure 1 a-c).
The microstructure and surface roughness of the samples were drastically affected by all the SPE treatments carried out. Two types of SPE treatments were carried out attending to the plasma gas composition, (O 2 +Ar) and (O 2 +H 2 ). Substrates temperatures and treatment durations were settled as detailed in Experimental Section. The final resulting microstructure is influenced by the fabrication process, initial thickness, the SPE treatment and its duration. the formation of platinum nanoparticles (from RMS: 2.9 nm to 5.9 nm). It is interesting to address that although the average column diameter is reduced after the SPE treatment, the size of the nanocolumns agglomerations increases as the number of columns forming the bundles appears to augment (see also Fig. S4 ). By contrast to the previous samples, the increase of the porosity is mainly due to the enlargement of the initial macropores. Unfortunately, the contribution of the micropores (pores with diameters below 2 nm) cannot be evaluated since this type of pores is very small to be observed by SEM. Finally, it is worth to mention the reduction in thickness of all the post-treated samples when compared with the as-grown layers ( Fig.1 and S3 ).
Glancing Angle X-Ray Diffraction (GAXRD) analysis was performed in order to evaluate the crystalline condition of the samples. Figure 2 gathers GAXRD patterns from the precursor layers, showing a pronounced peak at low angles alongside lower intensity peaks between 15º and 30º for the sublimated thin film (OPVD (550nm)) according to its polycrystalline character. 19, 27 Patterns acquired for the samples grown by RPAVD presented no peaks independently on the plasma gas composition. This result is in good agreement with the smooth and homogeneous microstructure depicted by the samples RPAVD-Ar, similar to the standard nanocomposite organic thin films deposited by this technique. [22] [23] [24] [25] By contrast, all the SPE treated samples (regardless the deposition method) showed well defined peaks corresponding to the planes (111), Figure 3 . In situ XPS experiments following the soft plasma etching in O 2 +Ar (300W) at 175ºC of the PtOEP OPVD film (40 nm). Surface was sequentially exposed to plasma. Figure S6 ) present in the samples. It can be concluded that the porphyrin was completely decomposed after SPE (Ar+O 2 ) at mild temperature, giving rise to the formation of platinum metal clusters. However, equivalent experiments at room temperature demonstrated that prolonged treatment did not effectively decompose the organic counterpart. 27, 28 This latter result might be interesting for determined final applications since nitrogen-platinum bonds have been identified as highly active catalytic sites. 8 In order to assess the role of the growth conditions and post-treatments on the final chemical composition, we analysed the as-grown samples before and after SPE by means of ex situ XPS (see Table 1 and Fig. S5-S7 ). The three first rows on Table 1 correspond to the as-grown samples comparing the OPVD, RPAVD-Ar and RPAVD- Results in Table 1 indicate that after the SPE treatments, the metal organic layers got Although the complete characterization of the plasma is out of the scope of this article, the role of the different gases during the growth can be understood in terms of plasma reactivity. In the case of Ar, the main effect of the plasma consists on molecular bombardment. This bombardment produces partial fragmentation of the PtOEP molecules and radicals that induce their binding with the surrounding molecules in a type of polymerization generating smooth and highly conformal layers. 24 As demonstrated elsewhere for organic functional molecules, the reactor geometry and plasma pressure conditions allow the formation of the nanocomposite films maintaining a percentage of integer molecules. 24, 25, 29 On the other hand, the reactivity of oxygen plasma is significantly higher. The plasma produces a partial oxidation of the molecules (see XPS data) that lose the optical spectral features of the PtOEP as we will discuss in the next section (see Figure 4e , where the bands corresponding to the PtOEP at 380, 510 and 530 nm are not present). The particular columnar morphology of the RPAVD-O 2 may be attributed to the low mobility and high sticking coefficient of the oxidized precursor fragments. Under these conditions, the first ad-molecules would form islands nuclei favouring a growth mechanism strongly controlled by shadowing effects. In this way the subsequent fragments of precursor arriving to the surface would form the characteristic columnar growth. Similar arguments have been successfully applied to the growth of nanoporous metal oxide thin films by PECVD using organometallic precursors. [32] [33] [34] Oxygen-Argon and Oxygen-Hydrogen plasmas are commonly used for surface polymer modifications and to etch organic films by the production of volatile organic compounds that are pumped out of the reactor. [35] [36] In our system, the process is enhanced with mild temperatures leading to the complete removal of the organic components of the films to obtain pure Pt supported nanostructures. The results indicate the O 2 +H 2 mixtures at mild temperatures are the most efficient to etch relatively thick films in our experimental conditions. Figure 4 shows the UV-VIS-NIR transmittance spectra of some representative samples deposited on fused silica substrates and post-treated under different SPE conditions. where it can be noted the ample variety in the transmittance depending on the experimental conditions. It is worth to mention that the post-annealing in H 2 +Ar gases did not significantly affect the optical properties of the samples (see Fig. S8 ) and therefore such label does not appear in the optical study for the sake of simplicity.
Optical properties
As-grown OPVD samples present the characteristic bands of the PtOEP molecule. In summary, the methodology reported herein allows to fabricate neutral density filters with an adjustable optical density dictated by the initial thickness of the film and the soft plasma etching treatment. The variation of the optical density values of the different SPE treated samples is related to the empty volume of the films, which is intimately related to the porosity.
The control over the optical density and the deviation from the ideally flat filter for the samples presented in Figure 4 are shown in Figure S9 . Very small mean deviations below ca. 
Electrical properties
The Pt nanostructures generated by the reported plasma-assisted methodology were conceived for applications which require electrical conductivity. In-plane electrical conductivity measurements were performed by the four-point probe method on the films deposited on fused silica and onto preformed electrodes separated 100 µm (see Experimental Section). As it can be inferred from the SEM analysis, the samples do not present a good laminar conductivity due to the gaps observed for the OPVD and RPAVD-Ar samples and to the nanocolumnar microstructure in the RPAVD-O 2 case.
The extrapolated sheet resistances and a detailed description of the measurements are presented in the ESI Section S10. It is worth to mention that for the electrical behaviour (by contrast to the optical), the reduction treatment (post annealing in H 2 +Ar) leads to an improvement of 50% in the conductivity of the samples (Fig. S10) .
A clear and evident tendency can be obtained for all the samples: the resistances decreased as the thickness of the sample increased. The highest values of conductivity correspond to very thick samples post-treated under H 2 +O 2 plasma. On the other hand, the thicker samples with lower sheet resistances depicted very low transmittances of light (see transmittance value in Table S1 ).
The surface. The advantage of this technique is that allows the simultaneous acquisition of topographic images (Fig. 5 a) and conductivity maps (Fig. 5 b) . The topography image of the sample shows features equivalents to those observed by SEM ( Figure S2 ) and by AFM ( Figure S4 ) with bundles of columns with diameters in the order of 100 nm.
Please, note that a more accurate topographic image is shown in S4 since AFM measurement modes (tapping in AFM and contact for C-AFM) and tip diameters are different in Figures 5 and S4 . Nevertheless, conductivity map acquired at 0.01V ( 
1D and 2D transparent catalytic Platinum layers as counter electrodes in Solar Cells
An efficient counter electrode for DSC must have a very high catalytic surface area and therefore the Pt nanostructured films presented here are ideal candidates for this purpose. In this section we will show the implementation in a real DSC device of 1D Solvionic) solvent electrolyte were tested. Figure 6 shows the I-V curves for the three kinds of counter electrodes used in the study and for the two distinct electrolytes employed. given for the vacuum deposited platinum, a higher fill factor was observed for these cells compared to the standard Platisol ones. These facts suggest that our electrodes depict a better catalytic behaviour, allowing a faster regeneration of iodide ions at the counter electrode/electrolyte interface. By contrast, the cells prepared with the highviscosity electrolyte (Pyr 100%, see extracted photovoltaic parameters in Table 2) present minor differences in the photovoltaic parameters for the different counter electrodes. Only the 1D counter-electrodes exhibited a slight superior efficiency (on average) due to a higher photocurrent. The smaller efficiencies observed for Pyr 100%
are expected for such a higher-viscosity formulation. [39] [40] [41] [42] The potential faster reduction of tri-iodide by our electrodes is expected to be more noticeable in cells with a higher photocurrent, since in this case a more rapid regeneration is required. Hence, if triiodide cannot diffuse fast enough to the counter electrode, it really does not matter whether its reduction rate is further increased because the reaction is diffusion-limited.
Electrochemical Impedance Spectroscopy (EIS) was carried out to get further insight of the behaviour of the electrodes. Figure 6 b ) and c) present the Nyquist plots for the DSCs fabricated with AN50 and Pyr 100%, respectively. It can be seen in Fig. 6 b) that Platisol gave rise to the lowest series resistance (onset of the impedance curve at high frequencies) whereas the platinum RPAVD-Ar network originated the largest.
However, the width of the first semicircle, corresponding to the Pt/electrolyte interface, 43 decreased in the order Platisol > nanorods (RPAVD-O 2 ) > network
. This is indicative of a decreasing charge transfer resistance at the Pt/electrolyte interface and is in agreement with the previously suggested higher catalytic performance, the faster regeneration of the redox couple and the higher photocurrents observed. It also contributes to a decrease of the voltage drop occurring at the same interface, which would explain the larger Voc. The electron lifetime is mainly determined by the electron recombination resistance at the TiO 2 /electrolyte interface. As shown in Figure S11 , recombination resistances are slightly higher for the RPAVD-Ar platinum network and lower for Platisol. The lowering of the recombination rate can be explained by the lower tri-iodide concentration due to the faster regeneration of the redox couple for platinum grid counter electrodes. Hence, the beneficial effect of the new platinum films is twofold: on the one hand the higher catalytic activity allows a faster regeneration at the counter electrode, and secondly, as a consequence, recombination with tri-iodide acceptors is slower. This produces a simultaneous enhancement of both Jsc and Voc. It is very interesting to remark that the two samples studied, platinum RPAVD-O2 nanorods (1D) and the RPAVD-Ar networks (2D), outperformed the standard counterelectrode Platisol in terms of the generated photocurrent and photovoltage, although the 2D electrode had a noticeable superior performance. Impedance spectroscopy data showed that the superior catalytic behaviour, supported by the simultaneous enhancement of redox couple regeneration at the counter electrode surface and the subsequent lowering of the recombination rate. In the case of the highviscosity electrolyte, all three counter electrodes behaved quite similarly, except for a higher photocurrent observed in the 1D one.
The basis of the methodology relays in the use of Pt-porphyrin as vacuum-processable precursor for the formation of Pt percolated networks and nanocolumns. Among the advantages of this methodology we should address: i) Pt-porphyrin is a low toxicity precursor that sublimates at mild temperatures which yields a precursor layers growth rate easily tuned by the experimental conditions. ii) All the procedures applied are vacuum and plasma well-known methods directly expandable to wafer-scale dimensions. iii) A major advantage of the methodology developed in this work is its straightforward application to other commercial available metal-porphyrins and phthalocyanines, opening a promising route for the fabrication of metal, metal oxide and composite nanostructured layers.
Experimental Section
Fabrication of the nanostructured platinum films: Platinum octaethylporphyrin In all the cases pure gases were dosed to the plasma reactor through a set of mass flow controllers and mixed within the chamber at reduced pressure. Please note that at such low pressure the mixture O 2 and H 2 is not explosive. A second post-treatment consisting in annealing under constant gas flow of a mixture 95% Ar / 5% H 2 was carried out in a furnace. The temperature was set to 135ºC for 2 hours. In order to facilitate the exposition of results the labels of the samples specifically address the main experimental parameters varied during their fabrication.
Characterization. High-resolution SEM images of the samples deposited on silicon wafers were obtained in a Hitachi S4800 microscope, working at different acceleration voltages (1-5 kV). Cross sectional views were obtained by cleaving the Si(100)
substrates. XPS characterization and in situ XPS experiments were performed in a Phoibos 100 DLD X-ray spectrometer from SPECS with an attached high vacuum prechamber where all PtOEP depositions and treatments were carried out. The spectra were collected in the pass energy constant mode at a value of 50 eV using a Mg Kα source. C1s signal at 284.5 eV was utilized for calibration of the binding energy in the spectra. The assignment of the BE to the different elements in the spectra corresponds to the data in reference. 31 Plasma source used for XPS in situ experiments consisted of a quartz tube where the plasma was excited by means of a resonant cavity connected to a microwave generator. The power was 70 mW and the oxygen was supplied to the tube up to a pressure of about 2 x 10 -1 mbar.
Glancing Angle X-ray Diffraction (GAXRD) measurements were carried out in a Panalytical X'PERT PRO diffractometer for an incident angle of 0.2º.
UV-Vis transmission spectra of samples deposited on fused silica slides were recorded in a Cary 100 spectrophotometer in the range from 190 to 900 nm. UV-Vis-NIR transmission spectra were collected in a PerkinElmer Lambda 750 UV/Vis/NIR spectrophotometer.
Electrical characterization was carried out following different procedures. In the first case, the samples were grown on commercial available Pt electrodes separated 100 µm (see ESI S10). The cross section is 1.7 mm long and 300 nm thickness. The commercial Pt electrodes were previously cleaned in a sonication bath with ethanol and electrically tested showing a resistance in the order or below the detection limit of our apparatus. Additionally, in line four-point probe measurements were also performed to estimate the real sheet resistance of the samples and, in particular cases, in order to overcome the shadowing issues due to the plasma in the deposition of the films on commercial electrodes (see Section S10 and Figure S10 ). The system consists in four tips separated 3.3 mm. AFM images were processed with the WSxM free available software from Nanotec. Counter electrodes. A small hole was drilled on them to allow for electrolyte injection at the end of the process. Later, they were cleaned just as the working electrodes.
Platisol® Counter electrodes. These electrodes were fabricated distributing 6 μL of Platisol® all over the counter electrode area and once dried adding 6 μL more. Then, the counter electrodes were put into the furnace at 400 ºC during 5 minutes with a 15 minutes heating ramp. 
